INTRODUCTION
============

Carbonates are components of chondritic meteorites \[for example, ([@R1], [@R2])\] and have typically been used to infer the occurrence of liquid water in their parent bodies ([@R3]). The carbonate signature in Ceres' spectrum (3.3 to 4.0 μm) was first detected on Earth ([@R4], [@R5]) and then confirmed by Dawn observations showing that Ceres' average surface is an assemblage of Mg phyllosilicates, ammoniated species, dark materials, and Mg-Ca carbonates ([@R6]). The carbonate absorption in the Ceres spectrum is deeper than in so-far measured spectra of carbonaceous chondrites (CC), suggesting a larger abundance of carbonates on Ceres than in typical CC ([@R7]).

Ceres' overall composition and the ubiquitous distribution of the OH- and NH~4~-bearing species indicate a pervasive, past aqueous alteration involving ammoniated fluids and Mg phyllosilicate formation ([@R8]). The discovery of abundant carbonate as the main constituent of the bright material in Occator crater ([@R9]) indicates a different style of aqueous alteration locally. The carbonate found in Occator, natrite (Na~2~CO~3~), is different from the Mg-Ca carbonate detected in the global Ceres spectrum, and it is not observed in CC ([@R9], [@R10]). The distribution and chemical composition of the carbonates are thus tracers of complex and varying aqueous chemical processes on Ceres.

Carbonates exhibit diagnostic absorption features due to vibrational energy level transitions of the CO~3~^2−^ group. The fundamental modes correspond to wavelengths of \~7, \~11.5, and \~14 μm, but strong overtone and combination bands occur at \~3.3 to 3.5 μm and \~3.9 to 4.0 μm ([@R11]). A visible and infrared mapping spectrometer (VIR) ([@R12]) on board the Dawn spacecraft mission operates between 0.25 and 5.1 μm, encompassing several carbonate absorptions, such as the strong \~3.3- to 3.5-μm and \~3.9- to 4.0-μm features. We measured the strength and position of the \~3.9-μm feature across Ceres ([Fig. 1](#F1){ref-type="fig"}; see also the Supplementary Materials) that gives us the distribution of carbonates unambiguously. The band at 3.3 to 3.5 μm is not mapped because this spectral region has contributions from overlapping absorptions of ammoniated phyllosilicates, carbonates, and organic compounds. All these materials have been detected on Ceres ([@R4], [@R8], [@R9], [@R13]), and disentangling the contributions of different components in the 3.3- to 3.5-μm spectral region is extremely challenging.

![Distribution and intensity of the carbonate absorption in VIR data.\
(**A**) Central wavelength and (**B**) intensities of the 3.9-μm absorption feature. The maps are superimposed on the Framing Camera images using a transparency of 25%.](1701645-F1){#F1}

Spectral analysis and carbonate distribution
--------------------------------------------

The maps ([Fig. 1](#F1){ref-type="fig"}) have global longitudinal coverage, latitudinal coverage from 66°S to 66°N, and a spatial resolution of \~1.86 km per pixel at the equator. A few selected small areas, discussed afterward, have also been observed at higher resolution, at \~100 m per pixel. The map shows that the carbonate band position is mostly uniform across the surface (average band center at 3.947 ± 0.005 μm), indicative of Mg or Mg-Ca carbonates {for example, magnesite (MgCO~3~) or dolomite \[MgCa(CO~3~)~2~\]}, with the exception of a few recognizable kilometer-size areas displaying band centers at longer wavelengths, up to 4.02 μm, consistent with natrite (Na~2~CO~3~). The map of carbonate band strength ([Fig. 1B](#F1){ref-type="fig"}) shows similar values across most of the surface (0.063 ± 0.004), but several localized kilometer-size areas exhibit bands of larger intensity relative to the background. Representative spectra of areas showing different values of band centers and intensity are displayed in [Fig. 2](#F2){ref-type="fig"}.

![Average VIR spectrum of Ceres and VIR spectra from different areas enriched in carbonates.\
**Left:** The spectra have been normalized to 1 at 3.7 μm and offset for clarity. **Right:** Continuum-removed spectra between 3.7 and 4.2 μm show the shift in central wavelength of the 3.9- to 4.0-μm carbonate band. The spectra (average of eight pixels) are taken at resolution of \~1.86 km per pixel. I/F is a reflectance factor.](1701645-F2){#F2}

The band center map shows some regions with intermediate values that could suggest the presence of other types of carbonates or a mixture of Mg-Ca and Na carbonates. To distinguish between these two hypotheses, we fit a spectrum representative of these intermediate regions with different types of carbonates (that is, CaCO~3~, MnCO~3~, and FeCO~3~) and with a mixture of Mg-Ca and natrite (fig. S5). A mixture of dolomite and natrite gives an excellent fit, but Mn carbonate (for example, rhodochrosite) and Ca carbonate (for example, calcite) also give good fits. However, the occurrence of most of these areas with intermediate band center values adjacent to areas rich in Na carbonates and Mg-Ca carbonates suggests a mixture of Mg-Ca and Na carbonates ([Fig. 3](#F3){ref-type="fig"}). Moreover, when these broad areas are observed at higher spatial resolution, the intermediate values are often resolved into smaller areas with a band center at \~4 μm, compatible with Na carbonates, and at \~3.96 μm.

![Distribution of carbonate band center and band depth in a region close to Ahuna Mons and Liberalia Mons.\
Zoom on (**A**) Xevioso crater, (**B**) Ahuna Mons, and (**C**) Begbalel.](1701645-F3){#F3}

From the global maps, we conclude that carbonates are present on the whole observed surface of Ceres ([Fig. 1](#F1){ref-type="fig"}), and the spectra of most of the terrains are consistent with Mg-Ca carbonates. A few areas stand out from the global distribution, particularly bright spots near impact craters ([@R14]) and Ahuna Mons ([@R15]). Notably, Oxo (42°N, 359°E), Occator (20°N, 240°E), Azacca (6°S, 218°E), Kupalo (39°S, 173°E), Ikapati (33°N, 46°E), and Ahuna Mons (10°S, 317°E) are the most representative regions where carbonate exhibits the highest intensity, with absorptions centered between 3.98 and 4.02 μm ([Figs. 1](#F1){ref-type="fig"} and [3](#F3){ref-type="fig"}, and figs. S1 and S3).

We observe that most of the regions with strong absorptions have band centers at longer wavelengths ([Fig. 4](#F4){ref-type="fig"}). However, a few exceptions are recognizable: Ernutet crater, Urvara crater (western side), and some small areas in Baltay Catena. The region around Ernutet crater, where organic-rich material has been discovered ([@R13]), also stands out in the band depth map. In this region, only a few small areas show band centers at slightly longer wavelengths (\~3.96 μm), whereas most of the region has band centers similar to the average Ceres values (fig. S1) ([@R13]). The western side of the Urvara crater (fig. S2) and the region extending from \~48°S, 260°E to \~49°S, 280°E (near Baltay Catena; fig. S2) are also characterized by small localized areas with stronger absorption bands without a shift of the band wavelength (see arrows in fig. S2B). Spectral modeling of these areas indicates that best fit is obtained using dolomite (fig. S4).

![Scatterplot of the band center versus band depth of the carbonate absorption.\
The gray bar on the right indicates the relative regions where Mg-Ca carbonates (Mg-Ca carb.) and Na carbonates (Na carb.) are located. The gray cloud represents the data from the global map of Ceres' surface as in [Fig. 1](#F1){ref-type="fig"}.](1701645-F4){#F4}

Most of the areas showing enhanced band depths and centers at longer wavelengths broadly match areas showing fainter phyllosilicate band depths ([@R9], [@R14]). Assuming that band depths are primarily indicators of the amount of the mineralogical species responsible for the absorptions, the anticorrelation between phyllosilicate and carbonate intensities suggests an inverted proportion between the two components.

Looking at the high-resolution spectra (\~100 m per pixel), we discover that although most of the carbonate-rich areas ([Fig. 1](#F1){ref-type="fig"}) are consistent with the presence of Na~2~CO~3~, some small areas in specific locations, such as in Oxo ([Fig. 5](#F5){ref-type="fig"}), Azacca, Kupalo, and Kahukura, are different and cannot be fully fit using Na~2~CO~3~ (table S2). The spectra of these small areas, typically extending from 0.01 to a few square kilometers, show an overall blue spectral slope across the 1.0- to 4.2-μm range, indicative of changes in the composition and/or physical properties of the materials ([@R16]), and a larger and broader band in the 2.6- to 3.8-μm range, suggesting hydration. Different species can account for the hydration features as shown by spectral fits performed with different hydrated species ([Fig. 5](#F5){ref-type="fig"} and fig. S6). The results indicate that the species with the highest number of water molecules trialed, that is, natron (Na~2~CO~3~·10H~2~O), cannot fit the spectra, whereas species with less water give excellent fits. The best fits are obtained using thermonatrite (Na~2~CO~3~·H~2~O; see [Fig. 5](#F5){ref-type="fig"}) or trona (NaHCO~3~·Na~2~CO~3~·2H~2~O; see fig. S6), but good fits are also obtained with other hydrated sodium carbonates. Pixel-size areas rich in hydrated sodium carbonate are mainly recognized in the high-resolution data (\~100 m per pixel), close to areas with Na carbonate, implying that the areal extent of these species is small and discrete, and consideration of spatial mixing effects is important for their identification. Thus, there may be more areas exposing hydrated sodium carbonate, and most of the region where we identify Na~2~CO~3~ could be actually mixtures containing also the hydrated forms.

![Distribution of surface compounds in Oxo crater.\
(**A**) Water ice, (**B**) Na~2~CO~3~, and (**C**) hydrated sodium carbonate (Na~2~CO~3~·H~2~ONa~2~CO~3~·H~2~O). Mass fraction abundances are derived from the spectral fitting method (table S2). The lower panels show the spectral fit (red curve) of select pixels in Oxo using (**D**) ammonium montmorillonite, dolomite, dark material, and natrite (Na~2~CO~3~) excluding and (**E**) including Na~2~CO~3~·H~2~O. Error bars are calculated according to calibration uncertainties and Poisson noise ([@R41]).](1701645-F5){#F5}

Hydrated sodium carbonates occur in different morphological settings. In some places, such as Oxo crater and Kahukura crater ([@R17]), Na~2~CO~3~ and its hydrated forms are found in the same area where H~2~O ice has been detected (fig. S3) ([@R18]). Hydrated sodium carbonates are also found in areas devoid of ice, such as Kupalo crater ([@R19]). Thus, the association between hydrated sodium carbonate and water ice is not consistently associated with the presence of water ice.

RESULTS AND DISCUSSION
======================

A pre-Dawn scenario suggested that Ceres' surface carbonates may have formed in part through impact-facilitated oxidation of organic matter ([@R20]). Other models suggest that Mg-Ca carbonate formed with the rock as part of a global hydrothermal event, when Ceres was altered from the original anhydrous mineralogy by aqueous fluids, following accretion, because of ^26^Al decay heat ([@R21]). Another suggests formation from a second-generation aqueous episode by oxidation of organic matter via reaction with sulfates ([@R22]). The presence of Na and Mg-Ca carbonates indicates that the liquid was relatively alkaline and should have contained a large fraction of chlorides and alkali/alkaline elements, as has been predicted for fluids reacting with chondritic material at low water/rock ([@R23]).

The local and recent exposure of anhydrous and hydrated Na carbonates may indicate separate processes ([@R23], [@R24]). If Ceres originated from a material typical of the outer solar system ([@R6]), it would contain abundant ices of CO~2~/CO/NH~3~. Thus, fluids would be similar in composition to the Na-NH~4~-Cl-CO~3~--rich fluids in some satellites of the outer solar system ([@R24]--[@R26]). Hydrated Na carbonates could form early in a global ocean in equilibrium with the altered rocky phase and be incorporated in Ceres' crust upon freezing of that ocean ([@R21]). The source and timing of the mobilization of sodium carbonate--rich fluids remain an open question. Different mechanisms can be invoked: (i) local formation via impact-induced heating in the presence of ice ([@R9], [@R22], [@R27], [@R28]) and (ii) aqueous upwelling from depth via fractures ([@R29]) or conduits of Na carbonates present in residual brines if Ceres' deep interior temperatures are favorable ([@R9], [@R28]). Both scenarios assume the existence of relatively modern brines of various salts, for example, chlorides, NaCl, and NH~4~Cl ([@R9], [@R22], [@R28]) mixed with ice and possibly silicates and clathrates ([@R27], [@R30]), including natron (Na~2~CO~3~·10H~2~O), trona (NaHCO~3~·Na~2~CO~3~·2 H~2~O), and/or NaHCO~3~ depending on the freezing conditions of Ceres' early ocean ([@R9], [@R26], [@R27], [@R31]). Quasi-uniform distribution of Mg-Ca carbonates across the surface suggests a pervasive alteration process to deposit these low-solubility phases.

In scenario 1, local formation via impact heating leads to the melting of ice and aqueous solutions containing different ions, including abundant Na^+^, Cl^−^, CO~3~^2−^, NH~4~^+^, and HCO~3~^−^. Freezing and/or evaporation leads to the precipitation of corresponding salts; models and laboratory experiments show that hydrated Na carbonates of varying hydration states are the first and most abundant precipitates ([@R26], [@R27]). Ammonium carbonates and/or chlorides are detected ([@R9]) and could be formed from NH~4~^+^ released from the clays. They are one of the last precipitates (along with spectrally less-detectable NaCl), only form from specific fluid chemistries, and are phases predicted to be unstable at Ceres' surface ([@R26], [@R27]). Fluid variation could explain the heterogeneity of the observed distribution as the result of local creation of Na carbonates and NH~4~ salts by impacts or their upwelling at impact sites ([@R22], [@R28]).

Scenario 2 is based on previous and recent global thermal evolution models ([@R21], [@R32]), and inference from the modeling of Ahuna Mons ([@R33]) that involves ascent of cryo-magma and extrusion onto the surface from a reservoir at depth, as well as topography relaxation ([@R31]), indicating that brines may be present at several tens of kilometer depth. This is due to the combination of Ceres' relatively warm surface and the depression of the eutectic temperature by the presence of salts, by as much as \~30° ([@R27]). The extrusion mechanism could involve stressing of the brine reservoir \[for example, via compression ([@R33])\], gas-driven buoyancy ([@R34]), and even access via large fractures opened by impacts ([@R29]).

Some occurrences of Na~2~CO~3~ are related to recently upwelled material from the subsurface, such as Occator's central dome and Ahuna Mons ([@R9], [@R15]). In other cases, sodium carbonate is found in crater ejecta and floors, such as Kupalo and Haulani, or in small bright exposures, such as in Ikapati crater. Most of the places with Na carbonates are associated with or close to domes and mounds, such as those close to or inside Haulani, Oxo, Dantu, and Azacca and the areas within Ahuna Mons and Liberalia Mons ([Fig. 3](#F3){ref-type="fig"}), although not exactly superimposed. Moreover, craters such as Haulani and Ikapati also have morphologies, such as floor fractures, that may be indicative of upwelling processes.

The correlation of Na carbonates with some extrusive constructs suggests that at least some Na carbonates are transported to, or near to, the surface by ascending subsurface fluids in several areas of Ceres. However, the association of Na carbonate with young craters could be consistent with the material mobilized or created by impact-induced heating. The data are not sufficient to fully discriminate among the possible mechanisms, and likely, the types of Na carbonates and the observed distribution are the results of a combination of different processes.

Nevertheless, the detection of Na~2~CO~3~, NH~4~ salts ([@R9]), and hydrated sodium carbonates provides major constraints on Ceres' chemical evolution. NH~4~ salts are speculated to be unstable over geologic time ([@R27]). Hydrated sodium carbonates are not stable on airless surfaces and dehydrate upon exposure to vacuum and irradiation over Myr timescales ([@R25]). Destabilization on the surface involves both dehydration and decarbonation; for example, Na~2~CO~3~·H~2~O in Na~2~CO~3~ + H~2~O(g) ([@R9], [@R25], [@R27]). The detection of hydrated Na carbonates supports an aqueous origin of Na carbonates followed by their partial decomposition (mainly dehydration) in surface environments. This implies that sites rich in hydrated carbonates have been formed/exposed recently (a few million years), and dehydration of hydrated Na carbonates is still ongoing. This is in accordance with crater counting and modeling that predict recent formation, within tens to hundreds of millions of years ([@R28], [@R35]).

The different chemical forms of the sodium carbonate, their fresh appearance, morphological settings, and the uneven distribution on Ceres indicate that the formation, exposure, dehydration, and destruction processes of carbonates are recurrent and continuous in recent geological time, implying a still-evolving body and modern processes involving fluid water.

MATERIALS AND METHODS
=====================

As in the study of De Sanctis *et al*. ([@R6]) and Ammannito *et al*. ([@R8]), we modeled the spectra as formed by an intimate mixture of different end members, starting from their optical constants. We used Hapke theory ([@R36]), which characterizes light scattering in particulate media. The optical constants were derived from reflectance spectra, as in the study of Carli *et al*. ([@R37]). The end members treated in this work are listed in table S2. The best fit between the measured spectra and the models were obtained by means of a least-squares optimization algorithm, as in the study of Raponi *et al*. ([@R38]), where the free parameters are as follows: (i) abundances of the end members; (ii) grain sizes of the end members; (iii) a multiplicative constant of the absolute level of reflectance of the model to account for uncertainties on the radiometric and photometric accuracy, as well as errors on the local geometry information due to unresolved shadows and roughness; (iv) a slope added to the model to better fit the measured spectrum; and (v) temperature and effective emissivity. The latter is the product of the directional emissivity ([@R39]), and a free parameter was used to account for unresolved shadows and the structure of the surface ([@R40]). Their interpretations are outside the scope of the present work.
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table S1. Main regions with a high 3.9-μm band depth.

table S2. Retrieved abundances in selected pixels showing the highest concentration of carbonates in the listed areas.

fig. S1. Main regions with high 3.9-μm band depth.

fig. S2. Retrieved abundances in selected pixels showing the highest concentration of carbonates.

fig. S3. Band center and band depth maps in Ernutet and Ikapati craters.

fig. S4. Spectral fits of carbonate rich area in crater 2.

fig. S5. Spectral fits (red curve) of phyllosilicate-rich area (black curve).

fig. S6. Spectral fits (red curve) of natrite-rich area in Oxo crater (black curve, the same spectrum as in [Fig. 5](#F5){ref-type="fig"}).

fig. S7. Spectra of the end members used in the spectral modeling.
